We analyze the collider signals of composite scalars that emerge in certain little Higgs models and models of vectorlike confinement. Similar to the decay of the pion into photon pairs, these scalars mainly decay through anomaly-induced interactions into electroweak gauge bosons, leading to a distinct signal with three or more photons in the final state. We study the standard model backgrounds for these signals, and find that the LHC can discover these models over a large range of parameter space with 30 fb −1 at 14 TeV. An early discovery at the current 7 TeV run is possible in some regions of parameter space. We also discuss possibilities to measure the spin of the particles in the γγ and Zγ decay channels.
Introduction
New physics models that involve new strong dynamics often manifest themselves at low energies through new scalar or pseudoscalar fields. Examples of such models are Technicolor theories [1] as well as composite Higgs and little Higgs models [2] . Recently another class of models that are not directly involved in electroweak symmetry breaking has emerged, going by the name of vector-like confinement [3] .
The lowest order effective Lagrangians that describe these models often have an additional symmetry that forbids the decay of the lightest pseudoscalar at the tree level. The most prominent example for such a behavior is the low energy effective theory of QCD, where the decay of the neutral pion is only understood after including a higher order term, the Wess-Zumino-Witten (WZW) term [4] , into the effective action. The same happens in little Higgs models, where T-parity [5] is only broken after the WZW term is added [6, 7] . More generally, when the fermions that condense to form the pseudoscalars come in vector-like representations of all gauge interactions, the most important decay channel for the lightest scalar arises from the WZW term.
The nonvanishing three-point interactions in the WZW term contain at least two gauge bosons, therefore the pseudoscalar will decay dominantly into the lightest available gauge bosons which are usually those of the standard model. Depending on the quantum numbers of the scalars, the decays can be into photons pairs or into V γ or V V ′ , where V and V ′ can be any other standard model gauge bosons, including gluons [8] .
In this work, we focus on pseudoscalar electroweak triplets that are pair produced at hadron colliders. These scalars have significant branching fractions into photon pairs, giving rise to signals with three or four photons in the final state.
Multi-photon final states of this kind provide a promising signature at hadron colliders. One reason is that the standard model backgrounds for these processes are relatively low, so a signal can be found early even if the production cross section is at the femtobarn level, which is quite common for uncolored new states in BSM scenarios. Furthermore, owing to the energy resolution of the electromagnetic calorimeters, the mass of particles decaying to photon pairs can be determined with high accuracy. Finally, information about the spin of the particle can be obtained from angular distributions. This paper is organized as follows: In the following section a brief overview is given about models that predict triplet scalars and their width and branching fractions are discussed. In section 3 signals and backgrounds are calculated for the 7 TeV and the 14 TeV LHC. In section 4 we determine how precise the mass and spin of the particle can be measured, before we summarize in section 5.
Pseudoscalar Triplets in Standard Model Extensions
Our main objects of interest are pseudoscalar electroweak triplets φ a = (φ actions with the standard model are contained in the kinetic term
A light pseudoscalar φ a can emerge as a pseudo-Goldstone boson when it is part of a larger multiplet of some global symmetry that is involved with electroweak symmetry breaking. In this case the above interactions will receive corrections suppressed by powers of (v/f ) 2 , where v is the Higgs vacuum expectation value and f is the breaking scale of the global symmetry. The scale f typically lies around the TeV scale so we expect these corrections to be at most 10%. Also the higher point interactions contained in (1) are not of interest here.
We are in particular interested in cases where the φ ±,0 a are the lightest particles that are odd under an approximate parity symmetry. In moose models, such as the little Higgs model with X-parity [9, 10] , this happens due to the symmetry structure of the coset spaces, and is a remnant of the original T-parity in these models [5] .
While it is often assumed that little Higgs models originate from a theory that becomes strongly coupled around the 10 TeV scale, this UV completion is usually not specified. A concrete example of high-scale strongly interacting dynamics with a remnant parity is vectorlike confinement [3, 11] . The benchmark model discussed in [11] contains a pseudoscalar triplet with the required quantum numbers. In that case the accidental parity symmetry appears because the fermions that condense to yield the pseudo-Goldstone bosons transform in vector-like representations of the standard model gauge group. Similar models that also contain a pseudoscalar triplet were presented in [8, 12] .
To a large extent the properties of the triplets are fixed by gauge invariance and by the parity symmetry, so they can be studied independently of the model they belong to. Masses for the triplet are generated through radiative corrections. The neutral and charged components of the triplet are expected to have roughly the same mass m a , since a large mass splitting is constrained by the electroweak T parameter. The little Higgs model with X-parity [10] predicts that mass to be of order of the electroweak scale. The same mass range is assumed in [11] . For the present analysis, we will consider 100 GeV < m a < 600 GeV .
Due to the approximate parity symmetry, the triplets are mostly produced in pairs via an intermediate W ± or Z boson, through interactions contained in the kinetic term (1). The relevant Feynman diagrams for production at hadron colliders are shown in figure 1. Note that there is no direct φ 0 a φ 0 a production due to Bose symmetry. Additional contributions to φ a pair production from BSM particles are possible. For example, the model in [11] contains an additional vector boson that is produced in the schannel and decays into φ a pairs. The cross sections obtained from the diagrams in figure 1 can nevertheless be used as minimal expectations for the pair production rates.
Since the lowest order Lagrangian is symmetric under pseudoscalar parity the φ a can only decay through the fourth order WZW term:
where the dots denote terms that do not contribute to φ a decays at leading order, and the gauge couplings have been absorbed into the definition of the field strength tensor. Note that unlike the case of vector boson decays here the neutral φ The relative branching fractions between φ 0 a decay modes are completely fixed by this expression 1 -the nontrivial dependence on m a that is displayed in figure 2 is purely from kinematic suppression. The total widths in addition depend on the integer N and on the scale f , and typically lie in the keV range.
After electroweak symmetry breaking, radiative corrections introduce an additional splitting between the neutral and the charged components of the multiplet. For purely electromagnetic interactions, and in the limit m a ≫ m W , it was found in [13] that
Since there are additional contributions to this mass splitting in models with extended gauge and scalar sectors, we treat ∆m a as a free parameter. The decay φ ± a → φ 0 a W ±, * becomes relevant around ∆m a = 5 GeV and dominant for larger splittings, as shown in figure 3 . This behavior is mostly independent of the absolute mass scale m a . For small mass splitting the dominant decay mode for the charged triplet is φ ± a → γW ± with a branching fraction decreasing from almost 100% at m a = 100 GeV to around 80% at m a = 700 GeV. In the case of a small mass splitting, ∆m a ≪ 5 GeV, the most interesting signal arises from φ ± a φ 0 a decaying into 3γ + W ± . On the other hand, if the splitting is larger than about 5 GeV all production channels contribute to a 4γ + X signal [14] .
Our analysis will focus on the inclusive 3γ signal, i. e. on the case of a small mass splitting. To be definite we will consider three scenarios with m a = 200 GeV, 400 GeV and 600 GeV. We use CompHEP 4.5.1 [15] with CTEQ6L1 parton distributions to simulate the processes
at √ s = 7 TeV and 14 TeV. The resulting events are passed to PYTHIA 6.4 [16] for hadronization and W boson decay and through PGS4 [17] with the CMS parameter set to account for detector efficiencies and energy smearing. The cuts used for event generation are summarized in table 1 and the resulting cross sections for the 7 TeV and the 14 TeV LHC are given in table 2.
The standard model background to three photon production is of the same order as the signal, and will be discussed in the next sections. The backgrounds for 4γ signals are suppressed by an additional power of α and thus negligible. We will comment on the 4γ signal at the end of section 3.4.
Before turning to the backgrounds, let us briefly discuss the experimental bounds on the 3γ signal and on the mass m a . The DØ experiment analyzed 3γ + X events in the search for fermiophobic Higgs bosons [18] in a sample corresponding to 0.83 fb −1 of collected data. The absence of an excess of events in the sample translates into an upper bound on the production cross section of fermiophobic Higgs bosons σ ≤ 25.3 fb. For our model this is satisfied provided that m a ≥ 150 GeV.
Another possibility for the model to show up at the Tevatron experiments is through a bump in the di-photon invariant mass spectrum. The most recent searches [19, 20] for graviton resonances in that channel with 5.4 fb −1 of integrated luminosity however do not impose further constraints on m a .
Real Backgrounds
There are two types of standard model backgrounds for the 3γ + X signal: real backgrounds with three or more photons in the final state, and fake backgrounds where one or more photons are actually jets that were misidentified in the detector. At the tree level pure Table 3 : Real and fake backgrounds in fb for inclusive 3γ searches with p T,γ > 40 GeV at LHC with E cm = 7 TeV and 14 TeV. The first column gives the partonic cross sections obtained with MadGraph/MadEvent, while the second column gives the cross section for the fraction of events that are reconstructed as 3γ + X events in PGS4. For the fake backgrounds the first column shows the cross section for 2γ + n jet processes with p T,γ > 40 GeV. Backgrounds are multiplied by two to account for NLO k-factors and uncertainties from matching.
photon final states are only produced from quark anti-quark initial states. Only at the NLO level the gluon gluon channels become available through a quark loop. This leads to large k-factors, in particular at the LHC where gluons are abundant.
The main source of real backgrounds is direct three-photon production accompanied with any number of jets. This background has been generated using MadGraph/MadEvent [21] with the same cuts as for the signal, and was then processed through PYTHIA and PGS4 for initial and final state radiation and for modeling of detector effects. The radiative corrections to three-photon production are yet unknown, but based on experience from twophoton production [22] we expect a large k-factor and therefore conservatively multiply this background by a factor of two.
The production of three photons together with a W boson has a tiny cross section in the standard model and can be neglected. The background rates for the 7 TeV and 14 TeV LHC are given in table 3.
Fake Backgrounds
The most important source of fake backgrounds are the processes pp → γγ + n jets where one of the jets is misidentified as a photon.
We use MLM type matching with the k T jet algorithm to match events with γγ + 0, 1, 2 jets between MadEvent and PYTHIA with a matching scale of 30 GeV [23]. The matched sample is then run through PGS4 to model detector effects and in particular to get an estimate for the fake jet rate and for the magnitude of the fake backgrounds. Table 3 shows the resulting background after application of the cuts in table 1 and multiplication by a k-factor of 2 to account for the cross section uncertainty due to leading order matching and NLO corrections.
A few comments are in order. The event sample can contain additional photons from initial and final state radiation. Imposing the cut of p T > 40 GeV on all photons in the sample effectively removes most of this contribution.
Additional hard photons in the final output are therefore due to jets that were reconstructed as photons in PGS4. Tests with a pure two-jet sample with p T > 40 GeV show that the fake rate in PGS4 lies at the per mille level. This should be compared with the fake rates obtained by CMS [24] using a full detector simulation. A fake photon candidate in the electromagnetic calorimeter is produced by about 1 in 200 jets. Using additional isolation cuts CMS obtains an additional rejection factor of 100 while keeping a reasonable photon efficiency (80%), i. e. the total rejection factor is 20000 corresponding to a fake rate of 0.005%.
2 This is about one order of magnitude better than the PGS4 estimate, at the expense of a reduced photon efficiency compared to PGS4 (> 90%).
Considering that the optimized isolation cuts of Ref. [24] are not implemented in PGS4 its performance is acceptable, and in particular it is sufficient for the present work. Improving this performance would still be desirable, in particular since the fake backgrounds are larger than the real backgrounds.
LHC Sensitivity
For masses m a above 400 GeV the backgrounds become comparable to the signal. It is therefore necessary to further increase the signal to background ratio while maintaining a large signal efficiency.
One possibility is to impose stronger cuts on the transverse momentum of the photons. Since the signal photons come from the decay of heavy particles their p T spectrum is relatively flat up to p T = m a /2 while the backgrounds fall off rather quickly with increasing p T . The p T distribution of the third hardest photon for signal and background events is displayed in figure 5 . The best results are obtained with a uniform p T cut on all photons. With a cut of 60 GeV (80 GeV) we obtain a background suppression of 66% (86%) while loosing at most 30% (54%) of the signal for m a = 200 GeV, and much less for larger values of m a .
In signal events the three photons effectively recoil against a W-boson which can carry away a significant amount of transverse momentum. On the other hand most background events will be balanced in transverse momentum except for those cases where an additional H T GeV 3Γ fake 3Γ real Figure 6 : H T distributions for signal (left plot) and background (right plot) events at the LHC with E cm = 14 TeV. The unsteady shape of the fake background distribution is due to the smallness of the fake sample. The results were cross checked against the H T distribution of two photons plus one jet and found to agree. hard jet is present. We define
as a measure of the p T imbalance of the three photon system. The H T distributions for signal and backgrounds are displayed in figure 6 , which shows that the backgrounds are a concentrated in the region H T < 100 GeV. As final cuts for the analysis we choose p T,γ > 80 GeV for the three hardest photons in the event and H T > 80 GeV. The effects of these cuts on the signal and backgrounds are summarized in table 4. They improve the signal to background ratio by more than an order of magnitude. Also shown in table 4 are the expected signal and background events at the LHC for a luminosity of 30 fb −1 . From the results one can conclude that a discovery with a statistical significance of 5 standard deviations is possible for values of m a up to about 500 GeV.
For the heavy scenario with m a = 600 GeV a 5σ discovery would only be possible with the full design luminosity of the LHC and further reduction of the backgrounds by imposing stronger cuts on the photon transverse momenta and H T . Note that the signal selection could be improved further by trying to find a peak in the di-photon invariant mass spectrum above the smooth background.
The LHC is currently running at a center of mass energy of 7 TeV and is supposed to collect at least 1 fb −1 before the shutdown at the end of 2011. It is interesting to ask whether this can suffice to detect a signal at least in the light scenario (m a = 200 GeV). From table 2 we expect 17 signal events. The backgrounds are smaller than for the 14 TeV case and have an even steeper p T spectrum. Imposing a p T cut of 60 GeV on all photons we expect 11.4 signal events and 2.0 background events with 1 fb −1 , thus a discovery at the 5σ level is possible.
Finally let us comment on the case of a large mass splitting between φ ± a and φ 0 a , where the dominant signal is from the 4γ + X final state. In addition to the φ ± a φ 0 a channel now also the φ + a φ − a channel contributes to the 4γ + X final states. Radiating an additional photon in any of the discussed backgrounds events costs an additional factor of α = 1/128, while requiring an additional fake photon reduces the cross section even further. One can therefore safely assume that the standard model backgrounds to the 4γ signal are negligible.
The cross section for the 4γ + X signal in the large splitting case is determined by multiplying the φ a pair production rates in figure 4 with the branching fractions for φ table 3 , we obtain that 44% of the signal events are reconstructed by the detector for m a = 200 GeV. It is expected that the signal efficiency increases slightly for larger m a , but for simplicity we will assume the same value for the entire mass range. The results are shown in figure 7 . Since the backgrounds are negligible, we require a minimum of 5 signal events for a discovery. This gives a discovery range for the current 7 TeV LHC run up to m a = 250 GeV, while the LHC with √ s = 14 TeV will be able to probe and the full parameter range up to m a = 600 GeV with about 30 fb −1 . 
Measuring Particle Properties

Mass Measurement
The mass of the neutral φ 0 a can be determined directly from the di-photon invariant mass distribution in the three photon samples. Since the width of φ 0 a is small the quality of the measurement is entirely determined by the energy resolution of the detector.
The left plot in figure 8 shows the invariant mass distribution of photon pairs from signal and background events for m a = 400 GeV and a luminosity of 30 fb −1 , corresponding to 59 signal and 11 background events. A sharp peak around m γγ = 400 GeV is clearly visible on top of the standard model background and combinatoric background from the signal.
Measuring the mass of the charged φ ± a is more difficult since it decays into γW ± . Decays of the W boson into electrons or muons, either directly or via taus that decay leptonically, occur in about 25% of all cases and lead to a 3γ + ℓ signal that is essentially free of backgrounds. We also include the taus from hadronic decays that are reconstructed by PGS. A fraction of the W boson momentum is carried away by one or several neutrinos. Since neutrinos are the only physical source of missing energy and they are essentially massless, the φ ± a mass can be determined accurately from the transverse mass
where m ℓγ is the invariant mass of the lepton-photon system, e ℓγ = m 2 ℓγ + p 2 T,ℓγ , e miss = |p T,miss | and p T denotes the transverse momentum of the indicated particle set. To obtain the transverse mass distribution we identify the photon pair from the φ 0 a decay by the requirement that m γγ agrees with m φ 0 a within 5%, and then combine the remaining photon with the lepton, which we require to have p T,ℓ > 30 GeV. We further require that |p T,miss | > 30 GeV to reduce the background from misidentified leptons. Events where no photon pair can be identified uniquely by the m γγ window condition are discarded.
The resulting transverse mass distribution is shown in figure 8 . For this analysis we use a sample with 200 signal events corresponding to 100 fb −1 , whereof 43 events satisfy our cuts. In spite of the small number of events the endpoint of the M T distribution near m φ + a = 400 GeV is clearly visible. Theoretically one would expect a sharp cutoff at the endpoint, which however is washed out due to detector smearing, in particular the mismeasurement of the missing transverse momentum.
Spin and CP Properties
Some information about the spin of the resonance can already be extracted from the nature of the final state. A two-photon resonance can originate only from a spin-zero of spin-two particle [we do not consider spins larger than two].
To distinguish further between the spin-zero and spin-two cases, one has to resort to angular distributions involving the final-state photons. An observable that is sensitive to the spin of φ 0 a is the distribution with respect to the angle Φ between the production plane and decay plane of φ 0 a . Once the mass of the resonance has been measured, this angle can be constructed from the momenta of the two photons that reconstruct the resonance together with the beam axis. Assuming an unpolarized initial state a nontrivial distribution can only arise from interference between different helicity states and would therefore rule out a spin-zero interpretation of the signal [26] .
The distribution of Φ in a sample of 10,000 3γ events with m φ 0 a = 400 GeV is shown in figure 9 . While one would expect this distribution to be completely flat, some angular dependence is introduced by the selection cuts, which explains the lower counting rates around Φ = 0 and Φ = π. For comparison, we show the same distribution for a KKgraviton G decaying into two photons in the process pp → Gγ → 3γ, with m G = 400 GeV. This distribution was produced using an implementation of massive spin-two particles into MadGraph/MadEvent [27] .
To estimate how well the two cases can be distinguished with a realistic number of 600 events (corresponding to 300 fb −1 integrated luminosity), we calculate the ratio of the number of events in the interval π/4 < Φ < 3π/4 divided by the number of events lying outside of this interval. For the case of the pseudoscalar resonance φ 0 a we obtain 1.14 ± 0.09 whereas we get 1.74 ± 0.15 for the graviton resonance. The central value and errors have been obtained by randomly picking 600 events from the full samples multiple times and extracting the mean and standard deviation. It is therefore possible to distinguish the two cases considered here at the three sigma level.
One drawback of this method however is that the angular distribution depends on the production process and can be quite different even for similar processes, for example when comparing the production of G + γ to G + jet production. It is therefore not possible to conclusively exclude a nonzero spin of φ 0 a just using this observable, or in other words, just using the three-photon final state. An alternative spin determination method was proposed in Ref. [28] for the analysis of associated KK-graviton-photon production with the graviton decaying into a photon pair. They find that the angular distribution of one photon from this pair in the rest frame of the decaying graviton is sensitive to the graviton spin, but again the details of this distribution also depend on the production process.
A more reliable measurement of the φ 0 a spin that is independent of the production channel can be obtained by looking at different decay channels. One promising channel is the decay φ 0 a → γZ with a subsequent decay of the Z boson into charged leptons. The φ 0 a → γZ branching fraction is about 30% over most of the relevant parameter space. The angle θ between the photon and either of the leptons is sensitive to the polarization orientation of the Z boson and thus to the spin of the parent particle. For a pseudoscalar resonance decaying through the interaction (3) we obtain
For comparison, the θ dependence for the decay of a spin-two Kaluza-Klein graviton,
which is clearly distinguishable from the spin-0 case. The normalized angular distributions for the spin-zero case and for the spin-two case with M G /M Z = 2 and M G /M Z = 4 are shown in figure 10 .
cosine or sine mode. For completeness, we point out that a heavy vector boson Z ′ can also decay to the γZ final state through an anomaly interaction [30] , all the while the γγ channel is forbidden for a spin-one particle. The resulting θ distribution is given by
where c c,s are O(1) constants which depend on the details of the Chern-Simons and WessZumino-Witten terms that mediate the decay. For M Z ′ ≫ M Z , this distribution peaks at θ = π/2, similar to the KK-graviton case, and thus can be clearly distinguished from a spinzero parent particle. For M Z ′ ≈ M Z /2, however, the θ dependence of the Z ′ vector boson could look similar to the spin-0 or the spin-2 case, depending on the values of c c,s . However, as mentioned above, a distinction is always possible by observing the γγ decay mode, which is forbidden for a vector boson.
The CP properties of the scalar resonance can not be determined from the Zγ channel, since a parity-even scalar that decays through the effective coupling φZ µν A µν displays the same (1 + cos 2 θ) behavior as the pseudoscalar. Full information about the particle properties can be obtained from the so called golden channel decay [31] 
where ℓ denotes charged leptons, in particular electrons and muons. Detailed studies on how to extract spin information using these channels have been recently performed in Refs. [32, 33] , which show that a small number of events (20-30) is enough to obtain a 3σ discrimination between different spin and parity hypotheses. Due to the small branching fraction of the Z boson into leptons this channel can only be used for spin determination if the φ a are light, below m a = 300 GeV, even for the full LHC design luminosity of 300 fb −1 .
Extracting Model Information
An important feature of the anomaly-mediated decays of the scalar triplet is that the branching fractions of φ 0 a and φ ± a are completely fixed by the global symmetry structure. If these particles are found in the multi-photon channel the next task will be to look for the possible decays of φ 0 a into Zγ and ZZ pairs as well as for the ZW ± decay mode of the φ ± a . The measured branching fractions will then unambiguously determine whether the decays are mediated by the WZW term and thus reveal information about the symmetry structure of the model.
If the mass splitting between the charged and neutral components can be measured, for example indirectly by observing the 4γ + X decay modes, more information can be obtained. Since the splitting is purely due to radiative corrections, a mass splitting larger than the one generated by standard model gauge interactions, see eq. (4), hints towards the existence of additional global symmetry breaking operators, e. g. additional gauge bosons or new fermions, as in the case of little Higgs models.
Conclusions
In this paper we discuss multi-photon signals from pseudoscalar electroweak triplets φ 0,± a and the prospects for the LHC to detect them. These triplet fields appear in a general class of composite extensions of the standard model, in particular in little Higgs models and in models where parts of the fermion sector transforms vector-like under the electroweak SU(2) gauge symmetry. The multi-photon signal is therefore an important channel for detection or exclusion of these models.
In these models, the leading-order effective Lagrangian for the pseudoscalars is symmetric under some parity, so that their decays are only induced loop-level Wess-Zumino-Witten terms that lead to anomalous breaking of the parity. As a result, the decay channels and branching fractions are fully determined by the global symmetry structure. In particular we find that the neutral component has a large branching fraction into photon pairs even for masses well above the ZZ threshold. Due to the parity symmetry, at the LHC the triplets are mostly produced in pairs, with a sizable cross section for masses up to m a ∼ 600 GeV.
The two major sources of backgrounds for 3γ signals at the LHC are direct three photon production an 2γ + n jet production where one of the jets is misidentified as a photon. We generated Monte-Carlo events with matrix-element matching and used the fast detector simulation PGS4 to estimate the backgrounds and in particular the photon fake rate. and to account for detector efficiencies and energy smearing. We find that the background can be reduced significantly with a set of simple cuts, so that a 5σ discovery is possible at the 14 TeV LHC with 30 fb −1 for pseudoscalar masses up to about 500 GeV. For the current 7 TeV run of the LHC a discovery is still possible if the φ a are lighter than 250 GeV.
Since this signal relies only on a clean signature involving photons, and possibly leptons from W -boson decays, we expect that the masses of the neutral φ 0 a and charged φ ± a can be measured with high accuracy from the di-photon invariant mass peak and the kinematic endpoint of the lepton-photon invariant mass distribution, respectively. In principle, the spin of the neutral pseudoscalar φ 0 a can be determined from the angular distribution of the two-photon final state but, depending on the mass of φ 0 a , the spin effect can be quite small and difficult to measure experimentally.
Other decay modes of the triplets, in particular into ZZ or Zγ final states, offer additional possibilities to obtain information about the nature of the observed particles. We have shown that the decay of φ 0 a into Zγ followed by the leptonic decay of the Z boson can be used to distinguish it from a resonance with spin two, and possibly also spin one. In the ZZ channel, the fully leptonic decay of both Z bosons can be used to uniquely determine the spin and the parity of the φ 0 a . The branching fractions for the different channels yield information about the global symmetry structure of the model.
Finally, it is interesting to note that the current limit for the 3γ + X signal from the DØ experiment at the Tevatron was obtained with only 0.83 fb −1 of data, and translates into a bound of m a > 150 GeV for our model. This bound could be improved drastically by using the full data sets that are now available at DØ and CDF.
